INTRODUCTION
Many conditions that lead to blindness are closely linked to retinal damage. In chickens, there are 5 different types of hereditary retinal degeneration that have been discovered and documented, named after the strain or the main phenotypic appearance. The retinopathy globe enlarged (rge) chickens have a recessive inherited condition (Curtis et al., 1987) in which there is a characteristic enlargement of the eye globe and progressive retinal degeneration (Inglehearn et al., 2003; Montiani-Ferreira et al., 2003) due to a deletion mutation in the cone β-transducin gene GNB3 (Tummala et al., 2006) . The blindness enlarged globe (beg) chicken strain also displays enlarged globe phenotypes, where chicks are blind at hatch due to an inherited autosomal recessive mutation (Pollock et al., 1982; Randall et al., 1983) . Progressive retinal deterioration has been identified in the retinal dysplasia and degeneration strain (rdd) due to abnormalities in retinal pigment epithelium and neural retina Randall et al., 1983) . In the Rhode Island Red strain (rd), a mutation occurs in the photoreceptor guanylate cyclase gene (GC1) resulting in early onset retinal degeneration and an absent electroretinogram recording (Ulshafer et al., 1984) . Lastly, the delayed amelanotic strain shows progressive blindness in relation to loss of pigmented choroidal melanocytes (Smyth et al., 1981) . Studies carried out on some of these strains of chickens have shown links between their genetic mutation and human disease. For example, a null mutation to the photoreceptor guanylate cyclase gene in the rd phenotype has made it a useful model for Leber congential amaurosis (Semple-Rowland et al., 1998) .
The mutation responsible for the phenotypes of another genetic mutant strain of White Leghorn chicken, named Smoky Joe (SJ) chickens, has yet to be identified. What is known about these birds is that they display multiple ocular anomalies such as, but not limited to, cataracts, buphthalmos, iridodonesis, and phthisis bulbi, resulting in retinal degeneration (Salter et al., 1997) . These ocular symptoms vary in degree and severity at hatch and typically by 8 wk of age, all homozygous chickens are completely blind, as assessed behaviorly and by an absence of a pupillary reflex. Both eyes are always affected, although symptoms for each eye are not always the same, and the retina is often detached or disorganized. It also remains unclear which retinal cell types are affected in the Smoky Joe chicken (Salter et al., 1997) . The objective of this study was to characterize the retinal development of blind and sighted SJ chicks during embryogenesis, and to monitor the numbers of the retinal cells with cell-type-specific markers. Blind SJ chicks showed less retinal cells throughout embryogenesis compared with sighted SJ chicks (P < 0.0001). Based on the histological analysis, it was determined that amacrine cells within the inner nuclear layer were the most affected cell type, showing lower numbers in the blind SJ compared with the sighted; amacrine cell development was also delayed in the blind birds, beginning 2 d later than in sighted SJ birds. Photoreceptors were also scarcely detected within the blind SJ and potentially may be an additional target of developmental impairment. Further analysis on posthatch SJ will aid in determining degenerative characteristics of a fully developed retina and its cells.
Inner retinal cell development is impaired in Smoky Joe chickens
strain and information about how the retinal degeneration progresses is sparse. Because symptoms of these birds can appear immediately posthatch, we examined the degeneration characteristics in the retina and the viability of the various retinal cell types during embryonic development.
MATERIALS AND METHODS

Embryos
The SJ mutation first appeared in a group of pigmented White Leghorn chickens maintained at the USDA Avian Disease and Oncology Laboratory in East Lansing, Michigan. Progeny from this line was used to establish a colony at the University of Guelph Arkell Research Station (G. Y. Bedecarrats). Using commercial grade incubators and hatchers (Nature Form, Jacksonville, FL), eggs were incubated from d 0 to 18 at 37.5°C with 55% humidity and then transferred to the hatcher set at 75% humidity. The SJ chicks typically hatch on d 22, which is 1 d longer than the standard Leghorn, but is not unusual for certain strains of chickens. Predictions of whether embryos would be blind or sighted were made based on the phenotypic history of the parent chickens, where blind embryos were bred from 2 blind parents and sighted embryos were bred from 2 sighted parents. Three blind and 3 sighted embryos of mixed sexes were extracted from the eggs at 5 time points: embryological d 4 (E4), embryological d 6 (E6), embryological d 8 (E8), embryological d 14 (E14), and embryological d 18 (E18). The SJ line and protocols conform to Canadian Council of Animal Care Guidelines.
Tissue Extraction
At E4 and E6, eyes were too small to be enucleated. To avoid damage, whole embryos were removed from the eggs and fixed in 4% (wt/vol) paraformaldehyde in Sorensen's phosphate buffer (SB: pH 7.5) solution for 20 min. Embryos were then washed 3 times in SB and then cryoprotected in 30% (wt/vol) sucrose in SB overnight. Embryos were embedded in optimal cutting temperature embedding medium before being frozen. At E8 and E14, embryonic eyes were large enough to be enucleated but remained too small for dissection. Therefore, entire globes were processed (fixed, washed, and cryoprotected). Only eyes from E18 chicks were large enough for the eyecup to be extracted. Eyes were enucleated, incisions were made equatorially at the ora serrata and the anterior segments, containing the lens and cornea, were discarded. The remaining eyecups, containing the retina, choroid, and sclera, were processed as above before being frozen. All the tissue samples were sectioned at 12 μm, and mounted onto Superfrost Plus glass slides (Fisher Scientific, . Sections were allowed to air-dry before being stored at −20°C. Transverse sections were obtained for whole embryos, whereas cross sections were obtained for the globes and eyecups. Only the left eyes were analyzed.
Immunohistochemistry
Only central sections of the retina were used for immunohistochemical processing. Sections were washed (3 × 5 min) in PBS (137 mM NaCl, 3 mM KCl, 101 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , in deionized water) and permeabilized with 0.1% (vol/vol) Triton-X in PBS (30 min at room temperature). Slides were washed again (PBS, 3 × 5 min). Nonspecific binding was prevented by incubating slides with 4% (wt/vol) BSA for 30 min at room temperature. Primary antibodies against several specific markers were used: mouse anti-Brn3a ; early cones), and wheat germ agglutinin lectin (1:100, EY Laboratories, San Mateo, CA, R-2101-5; rods). All primary antibodies except for anti-Lim1+2 were applied to slides and incubated at 37°C for 2 h in a humidified chamber. Primary antibody Lim1+2 required incubation overnight at 4°C.
After washing (PBS, 3 × 5 min), secondary antibodies anti-mouse IgG conjugated to either fluorescein isothiocyanate or tetramethyl rhodamine isothiocyanate (both 1:200, Sigma-Aldrich) were applied and incubated at 37°C for 1 h. Slides then were washed (PBS, 3 × 5 min) and counterstained with 1 μg/mL 4′,6-diamidino-2-phenylindole (DAPI, Life Technologies Inc., Burlington, ON, Canada; 5 min) to label cell nuclei. Slides were washed again (PBS, 3 × 5 min) before being mounted with Prolong Antifade Gold (Life Technologies Inc., P36930) to a coverslip. For negative controls, serum and secondary antibodies were applied to sections with no primary antibody.
Imaging
Microscopy and imaging analysis were performed using an upright fluorescence deconvolution microscope (Zeiss Axio Imager.Z2, Zeiss, Jena, Germany). Images were obtained at 200× magnification resulting in a field of view with a diameter of 450 μm and retinal lengths measured at an average of 464 μm. Z-stacked images were collected to allow for ease of counting.
Cell Counts
Images of the central region of the retina for each eye were used for cell counts. To account for various cross-sectional lengths of the retinal sections and for the different cell count methods, all cell counts were reported per mm 2 of retina (for each 12-μm-thick section). The total number of retinal cells was counted in the 2 neuroblastic layers, the outer neuroblastic layer (ONBL) and the inner neuroblastic layer (INBL) in younger embryos, and in the 3 nuclear layers, the outer nuclear layer (ONL), the inner nuclear layer (INL), and the ganglion cell layer (GCL) for older birds. The cells of the ONL and GCL layers were counted across the retinal lengths for each image. For the INL, five 10-μm-wide rectangular boxes were superimposed on the images of this layer and cells within the boxes were counted. The total number of INL cells across the retinal lengths of the image was then calculated.
The numbers of the specific retinal cell types were also counted. Each cell type was counted across the entire retinal length. Average cell counts were determined for 3 blind (n = 3) and 3 sighted (control, n = 3) SJ birds at each time point. The averages of the total number of cells, the averages of the cell count means per nuclear layer, and the averages and percentages of the specific cell types means were statistically analyzed with 2-way ANOVA and Tukey post-hoc tests to further determine significant differences between the blind and sighted SJ chickens.
RESULTS
The total number of cells within nuclear layers during development is reduced in blind birds. Blind SJ embryo retinas contained a significantly lower number of cells in total compared with sighted SJ embryos across all time points (P < 0.0001). Although retinas of blind embryos had fewer cells, the development and proportional increase in the number of retinal cells across all time points showed a similar trend for both blind and sighted (Figure 1 ). Cell growth increased continuously until E8 when the number of cells began to plateau in both blind and sighted eyes (Figure 1 ). At the last stage of development in which tissues were extracted (E18), the total number of cells in the blind SJ embryos was significantly lower than that of the sighted SJ embryos (Tukey: P = 0.0388, 309,156 ± 4,075 cells/mm 2 vs. 384,986 ± 18,651 cells/mm 2 , respectively).
Two neuroblastic layers were distinguishable at an early stage in development, at E4 (Figure 2 ). Following this point, cells differentiate and migrate toward specified locations in the retina and the neural retina segregates into the 3 nuclear layers (GCL, INL, and ONL). Qualitative analysis of the images indicated that the nuclear layers began to form around E8 in several embryos but not in all of them (Figure 2) . Noticeably, the nuclear layers were formed mostly within the sighted SJ, which coincides with normal wild-type chick development (Mey and Thanos, 2000) , whereas the development of the nuclear layers in blind SJ was delayed until E14. At E14, the transformations of neuroblastic layers into the 3 nuclear layers had occurred in all samples of both blind and sighted birds, and therefore the cell counts in the 3 nuclear layers from E14 to E18 were made and compared between blind and sighted birds (Figure 3) . The difference in total cell number between the blind and sighted retina was largely due to a loss of cells in the INL in blind birds at E14 and E18 with a significant difference observed at E18 (Figure 3 ; E18, blind vs. sighted: 257,500 ± 2,626 vs. 328,796 ± 19,827 cells/mm 2 ; Tukey: P = 0.0388). In contrast, no differences between the birds was detected for cell numbers in the ONL nor in the GCL layers at these later time points (Figure 3 ; Tukey, E14: P = 0.5263, P = 0.9999; E18: P = 0.7010, P = 0.7787, respectively).
Number of Specific Retinal Cell Types Differs Between Blind and Sighted Birds
The ganglion cell marker Brn3a was first observed in blind and sighted embryos at E8. The number of ganglion cells at this time point were lower in blind embryos (E8, blind vs. sighted: 16,234 ± 1,657 vs. 19,424 ± 1,772 cells/mm 2 ) but no significant difference was found (P = 0.9998). Blind SJ displayed slower ganglion cell growth rates and lower numbers of ganglion cells compared with sighted birds for the remaining time points E14 and E18, but once again no significant differences were detected (P = 0.9992 and P = 0.2498, respectively). Analysis of the overall number of ganglion cells across all the time points showed no significant differences between blind SJ embryos and sighted ones (P = 0.0920), even though there were far less cells in the blind birds. Moreover, the percentage of ganglion cells in the retina relative to the total number of cells throughout development was not significantly different between the 2 visual conditions (P = 0.7462).
Horizontal cells were first detected in both blind and sighted SJ embryos as early as E4. For both blind and sighted embryos, several horizontal cells were observed in the INBL at early stages and slowly they migrated to the outer edge of the INL at E8. The number of horizontal cells did not significantly differ between blind and sighted birds at these 2 time points, and coincidently, there was no difference in the number of cells overall across all time points (P = 1.0000).
The photoreceptor marker visinin has been described to be cone-specific during embryonic development in chicks (Hatakenaka et al., 1985; Yamagata et al., 1990) and was first detected at E6 in blind and sighted embryos in the ONBL. For blind embryos, there was incomplete segregation of the 3 nuclear layers and therefore cone cells remained in the ONBL, whereas they were already in the ONL for sighted embryos. The growth trend of cone cells for blind birds was similar to that of sighted birds, but at each time point, the number of cone cells was lower in blind compared with sighted embryos. Overall, the number of cone cells across all time points was significantly lower in blind birds (P = 0.0003) and E14 was the only time point at which a significant difference between blind and sighted (Figure 4A , Tukey: P = 0.0434) was detected. However, in terms of the percentage of cone cells in the retina relative to the total number of cells throughout development, there was no difference overall (P = 0.9613). The detection of rod cells was quite late in embryonic development, at E18 ( Figure 4B, 4B′) within the ONL. There were significantly less rod cells in blind embryos than in sighted ones at this late time point (E18, blind vs. sighted: 1,039 ± 214 vs. 2,582 ± 162 cells/mm 2 , P < 0.0001), with the percentage of rod cells relative to the total number of cells throughout development in sighted embryos being significantly greater, in general twice as much as those within blind embryos (E18, blind vs. sighted: 0.40 ± 0.08 vs. 0.82 ± 0.05%, Tukey: P = 0.0002).
Interestingly, the specific amacrine cell marker Ap2α was first detected at E6 in only sighted SJ embryos and not in the blind embryos. Detection of amacrine cells in blind embryos did not start until E8, whereas the amacrines of the sighted embryos were present in the inner portions of INBL starting at E6, and continued to increase in numbers before eventually migrating to the INL by E8 ( Figure 5) ; amacrine cells for these birds reached a plateau around E8. In contrast to their sighted counterparts, the number of amacrine cells in blind embryos did not stabilize throughout development (Figure 6 ). In blind SJ embryos, there were significantly fewer amacrine cells compared with sighted embryos at time point E8 (E8, blind vs. sighted: 8,107 ± 4,617 vs. 28,045 ± 8,261 cells/mm 2 , Tukey: P = 0.0094) and the relative proportion to the total number of retinal cells was also lower than in sighted embryos (E8, blind vs. sighted: 3.08 ± 1.75 vs. 8.26 ± 2.43%, Tukey: P = 0.0473). Overall, there was a significant difference in the number of amacrines between blind SJ embryos and their sighted controls across all the time points (P = 0.0028). Accordingly, the results for the proportion of amacrine cells relative to the total number of retinal cells throughout development were also significantly lower for amacrines in blind embryos (P = 0.0198).
Both bipolar and Müller cells were only detected at later stages of embryonic development, at E18 in both the blind and sighted SJ embryos. Bipolar cells were observed to have distinct processes that remained within the INL but projected toward the ONL and GCL. There was a lower number of bipolar cells in blind em- bryos, but the differences were not significant at the E18 time point (E18, blind vs. sighted: 8,395 ± 376 vs. 12,469 ± 2,600 cells/mm 2 , Tukey: P = 0.0539). Similarly, the proportion of bipolars relative to the total number of retinal cells throughout development was not significantly different (Tukey: P = 0.6879). Mül-ler cells, labeled by the cell marker protein glutamine synthetase, were observed to have processes that span the entire width of the retina through all 3 nuclear layers. The Müller cell numbers and proportions between the blind and sighted birds were fairly similar and showed no real difference (E18: blind vs. sighted: 17,325 ± 1,697 vs. 24,033 ± 1,410 cells/mm 2 , Tukey: P = 0.2526), as did the percentage of Müller cells at E18 (Tukey: P = 0.2526). Both bipolar and Müller cell numbers and proportions were not significantly different between blind and sighted SJ embryos throughout embryonic development (bipolar: number, percentage: P = 0.1327, P = 0.4131; Müller -cf.: P = 0.9330, P = 0.2476).
DISCUSSION
There are 7 major types of vertebrate retinal cells that are important for either retinal function, in terms of signal transduction, or for retinal cell support. All of these retinal cell types, the ganglion, horizontal, cone and rod photoreceptor, amacrine, bipolar and Mül-ler glial cells, are known to develop from multipotent retinal stem/progenitor cells (Turner and Cepko, 1987; Wetts and Fraser, 1988) . In the early stages of embryonic development, the future retinal cells are initially located in the primitive zone of the optic cup before separating into an ONBL and an INBL. As the progenitor cells begin to develop into the various types of retinal cells, 3 major nuclear layers begin to form: the GCL, INL, and ONL.
The comparison of the total retinal cell numbers between blind and sighted SJ embryos suggests that the overall retinal development of blind SJ embryos is impaired and can be detected as early as E4 in develop- ment. This impairment contributes to the blind embryos' inability to reach a retinal cell density comparable with the sighted embryos. The observations that the segregation of the 3 nuclear layers is delayed in blind SJ suggest that the impairment may affect the development and migratory characteristics of retinal cells. The findings that point to the INL as the layer of initial cell loss indicate that retinal cell types located within the INL are affected in the SJ and support the idea that the INL may be the initial target for degeneration in posthatch SJ chickens (Tran et al., 2011) . The difference between the retinas of blind and sighted SJ seems to arise during the embryonic development of the birds and continue after hatch.
Immunofluorescence labeling using cell-specific markers allowed developmental observations for each cell type. Visinin is a photoreceptor calcium-binding protein that has been shown to present in developing cones of chicks (Hatakenaka et al., 1985; Yamagata et al., 1990) , and has been implicated to exist in both rods and cones (Bruhn and Cepko, 1996) for older animals. During development, cone cells were detected in both blind and sighted birds at E6, which coincides with previous studies (Bruhn and Cepko, 1996) . Visinin-positive cell numbers were significantly lower in blind birds throughout development, but when compared with the percentage of cells, were similar in both sighted and birds (Figures 4A) . It is speculated that the difference in visinin-positive cells (cones) was only due to the significantly lower total number retinal cells in blind birds; unlike the amacrine cells, the proportion of the cones relative to the total number of cells was not different, and this similarity in proportion may be indicate normal function.
For rod cells, a wheat germ agglutinin marker was used to bind to the rod cell interphotoreceptor matrix, a surrounding domain specific to rods (Tien et al., 1992) . Embryological rod cells were scarcely detected in the retina of both blind and sighted SJ, appearing in small numbers at E18. Because rod cells in the blind birds were much lower in terms of cell numbers and proportions, these photoreceptors may be a potential target for retinal cell degeneration in SJ in posthatch birds. The interaction of rods and cones may also be important. Some studies looking at inherited retinal degeneration show that cone cells are affected by neighboring apoptotic rod cells due to release of toxins or viability factors (Bird, 1992; Li et al., 1996) .
The expression of Ap2α, a transcription factor, was examined specifically for amacrine cell differentiation in the SJ chicks. Studies have shown that Ap2α is present exclusively in amacrine cells in the retina (Bisgrove and Godbout, 1999; Edqvist and Hallböök, 2004) . The delay in amacrine cell development for blind SJ, in which amacrine cells were not detected until E8 versus E6 for sighted embryos, indicate impairment in the differentiation of amacrine cells from neuroblast cells during embryogenesis. In addition, the overall number of amacrine cells was lower across all time points as their numbers continued to lag behind sighted embryos, which further supports the idea of an impairment in amacrine cell development. The results seem to suggest that impairment occurs before migration to the INL; however, further cell death after reaching the INL cannot be excluded. Because amacrine cells are located within the INL, we attribute the lower numbers of cells in the INL of blind birds to the decrease in the AP2α-specific amacrine cells, although any of the other 40+ amacrine cell types found in the retina could also have contributed to the INL cell loss. AP2α is part of a transcription factor family that acts as an activator (Duan et al., 1995) and repressor (Gaubatz et al., 1995; Getman et al., 1995) of various genes in various tissues. AP2α is shown to suppress the retinal fatty acid binding protein (FABP) in chickens (Bisgrove et al., 1997) , and is an analog of the mammalian brain-FABP, which helps to maintain and establish retinal cell development. The FABP studies support the idea of retinal-FABP being a pivotal inductor of retinal development (Helle et al., 2003) . Moreover, Helle and colleagues (2003) suggest that retinal-FABP suppression in retinal neurons might suppress growth-inhibitory components that convert normal nerve growth factors into an apoptotic signal. The results of our experiment lend support to the idea that degeneration of AP2α-specific amacrine cells in SJ might lead to a similar disinhibition of inhibitory factors that ultimately result in an apoptotic signal and therefore neuronal cell death.
Although we did not find any differences in the embryonic levels of ganglion, horizontal, bipolar, and Mül-ler cells, we cannot exclude a role for their indirect effects on the developmental impairment or degeneration of retinas in blind embryos. Our study examined only the presence or absence of these cells, but no conclusion can be determined about their function(s). The results of this study represent the first steps in fully understanding the processes mediating retinal cell loss in SJ birds. As yet, the underlying gene defect is unknown. More studies of these animals need to be carried out, including an examination of cell proliferation and death mechanisms, or how and whether synaptic connections are also affected. Because our study was an initial investigation of what cell types were affected, not all cells of interest were examined. Future work will include use of more markers to determine the fates of a variety of retinal cells and amacrine subtypes.
In summary, the results of this study indicate that although blind SJ embryo retinas develop in a similar trend as their sighted counterparts, their total cell numbers are consistently lower. These effects were seen early in development of blind birds and therefore these impairments may prevent or delay the formation of cells necessary to maintain densities comparable with sighted birds. Underdevelopment of amacrines and the decreased cell density in blind birds coincides with a lower number of cells in the INL; in addition, rods might be an additional cell target of degeneration but require more analysis. Defects in rods cells, important for transduction of light signals into neuronal signals, and amacrine cells, important for neuronal signal transmission and modulation, reveal possible cell targets in the SJ retina that cause blindness in these birds. Further investigations are being carried out on posthatch SJ chickens to assess the effects on these retinal cell types and to determine whether the decrease in cells is a developmental effect or whether the cells continue to degenerate.
